Keratins (K) 8 and 18 variants predispose carriers to the development of end-stage liver disease and patients with chronic hepatitis C to disease progression. Hepatocytes express K8/K18, whereas biliary epithelia express K8/K18/K19. K8-null mice, which are predisposed to liver injury, spontaneously develop anti-mitochondrial antibodies (AMA) and have altered hepatocyte mitochondrial size and function. There is no known association of K19 with human disease and no known association of K8/K18/K19 with human autoimmune liver disease. We tested the hypothesis that K8/K18/K19 variants associate with primary biliary cirrhosis (PBC), an autoimmune cholestatic liver disease characterized by the presence of serum AMA. In doing so, we analyzed the entire exonic regions of K8/K18/K19 in 201 Italian patients and 200 control blood bank donors. Five disease-associated keratin heterozygous variants were identified in patients versus controls (K8 G62C/R341H/V380I, K18 R411H, and K19 G17S). Four variants were novel and included K19 G17S/V229M/N184N and K18 R411H. Overall, heterozygous diseaseassociated keratin variants were found in 17 of 201 (8.5%) PBC patients and 4 of 200 (2%) blood bank donors (P < 0.004, odds ratio ‫؍‬ 4.53, 95% confidence interval ‫؍‬ 1.5-13.7). Of the K19 variants, K19 G17S was found in three patients but not in controls and all K8 R341H (eight patients and three controls) associated with concurrent presence of the previously described intronic K8 IVS7؉10delC deletion. Notably, keratin variants associated with disease severity (12.4% variants in Ludwig stage III/IV versus 4.2% in stages I/II; P < 0.04, odds ratio ‫؍‬ 3.25, 95% confidence interval ‫؍‬ 1.02-10.40), but not with the presence of AMA. Conclusion: K8/K18/ K19 variants are overrepresented in Italian PBC patients and associate with liver disease progression. Therefore, we hypothesize that K8/K18/K19 variants may serve as genetic modifiers in PBC. (HEPATOLOGY 2009;50:546-554.) 
prevalence in the United States and England of 20 to 40 per 100,000. 4 PBC causes a significant economic burden and a mortality rate in the United States of 0.24 per 100,000. 5, 6 The cause of PBC is unclear, but it is an autoimmune disease that appears to be related to environmental factors, such as chemicals and bacteria, acting on genetically susceptible individuals. 1, 3 The importance of genetic factors for the susceptibility to PBC is evidenced by the increased incidence among first-degree relatives of affected individuals, 7 the high concordance rate among monozygotic twins, 8 and the common coexistence with other autoimmune diseases. 9 However, no definitive genetic associations with PBC onset or progression are established, though several genetic factors conferring susceptibility to PBC have been investigated. 1, [10] [11] [12] Keratins (K) are the largest subgroup among the intermediate filament (IF) family of cytoskeletal proteins. All IF proteins, including keratins, have a characteristic "rod" domain that is flanked by N-terminal "head" and C-terminal "tail" domains. The 37 known human keratin functional genes, which exclude hair keratins, are grouped into relatively basic type II (K1-K5/K6a-K6c/K7/K8/K71-K80) and relatively acidic type I (K9/K10/K12-K20/K23-K28) keratins. 13, 14 Epithelial cells express at least one type I and one type II keratin 13 in an epithelial cell-specific manner. For example, "simple" (single-layered secretory or absorptive) epithelia as found in the liver, pancreas, and intestine express primarily K8/K18 (with variable levels of K7/K19/K20), whereas keratinocytes express primarily K5/K14 basally and K1/K10 suprabasally. 15 In the liver, adult hepatocytes express K8/K18 exclusively, whereas biliary epithelia express K7/K8/K18/K19. 15 Simple epithelial keratins carry out a number of functions, including cytoprotection (for example, from apoptotic injury); protein targeting and synthesis; and modulation of mitochondrial subcellular organization, size, and function. 15 The use of transgenic animals as potential human disease models has demonstrated the importance of keratin variants in various epithelial disorders, including those involving the epidermis and liver. For example, K8-null mice manifest 94% embryo lethality with extensive liver hemorrhage and susceptibility to liver injury. 16, 17 Similarly, transgenic mice that express K18 Arg893 Cys develop mild chronic hepatitis with a marked predisposition to liver injury. 18 These animal model data led to human studies that demonstrated that K8 and K18 variants are overrepresented in patients with various types of endstage liver disease (12.4% of 467 explants) as compared with blood bank controls (3.7% of 349 donors, P Ͻ 0.0001). 19, 20 In addition, patients with chronic hepatitis C virus infection have a K8 variant frequency that increases in a significant manner with fibrosis progression. 21 Transgenic mice that express either of the two major human liver disease-associated K8 variants (K8 G62C 22 and R341H [unpublished observations]) support the human genetic data because both mouse models are predisposed to liver injury when challenged with hepatotoxins.
Several observations support the hypothesis that K8/K18/K19 variants may predispose to autoimmune liver disease. For example, 12 of the 467 previously analyzed cases of end-stage liver disease were patients with PBC in whom K8/K18 variants were found in three patients (25%). 20 In addition, serum anti-mitochondrial antibodies (AMA) are found in K8-null mice in association with alterations in mitochondrial size, organization, and function (unpublished observations). These observations led us to examine the presence of keratin variants in a well-defined cohort of Italian patients with PBC as compared with blood bank controls. In addition to K8/K18, we also examined the potential presence of genetic K19 variants given K19 expression in biliary epithelia. 15 Because the relative expression of simple epithelial keratins in biliary epithelia has not been examined, we also compared the expression of these keratins in mouse common bile duct and liver with the gallbladder and intestine. Of note, the association of K19 variants has not been described in any human disease, although few K19 polymorphisms have been reported in controls and patients with inflammatory bowel disease. 23 
Patients and Methods
Mice. One-month-old female FVB/N mice were used to compare keratin expression in several digestive tissues. Mice were euthanized by CO 2 inhalation followed by removal of the common bile duct, liver, gallbladder, and small intestine. Tissues were snap-frozen in liquid N 2 for subsequent biochemical analysis. All animals received humane care, and their use was approved by the institutional animal care committee.
High Salt Extraction and Western Blot Analysis. Enriched keratin fractions were obtained by high salt extraction as described. 24 The samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis followed either by Coomassie blue staining or by transfer to membranes for immunoblotting. Keratins were detected using enhanced chemiluminescence (PerkinElmer) and the primary antibodies: rabbit anti-human (h)/mouse (m) K18 (antibody 4668) 25 ; rat anti-mK19 (Troma-III; Developmental Hybridoma Bank); mouse anti-h/mK7 (RCR105, Progen Biotechnik GmbH); anti-mK20 (K20.8, Neo-Markers).
PBC Patient and Control Cohorts. Genomic DNA was isolated from well-characterized 209 Italian patients with PBC (Milan, Italy) and from 200 Italian blood bank donors (Modena, Italy). The diagnosis of PBC was based on internationally accepted standards, 1 including the presence of two of three criteria: (1) positive serum AMA, (2) serum alkaline phosphatase more than two times normal for 6 months or longer, or (3) a compatible liver histology. In subjects without detectable AMA, the patients had to fulfill both remaining criteria to be enrolled. Serum AMA were determined using indirect immunofluorescence and titers 1:40 or greater were considered positive. Patients were considered to be positive for antinuclear antibodies when they displayed elevated titers of anti-sp100 or anti-gp210 antibodies or positive indirect immunofluorescence. Liver biopsy staging was based on Ludwig's criteria. 26 The absence of liver fibrosis was defined as early-stage PBC (Ludwig stages I-II), and the advanced stage was defined as the evidence of liver fibrosis or cirrhosis (Ludwig stages III-IV) or those who had undergone liver transplantation or a cirrhosis-related complication. The Mayo score was employed to evaluate the prognosis of liver disease at the time of DNA sampling. 27 Patients positive for serum hepatitis B surface antigen, hepatitis C virus antibody, with a history of alcohol abuse within 1 year of diagnosis, or bile duct obstruction (based on ultrasound, computer tomography, or endoscopic evaluation) were excluded.
Human Genomic DNA Samples and Polymerase Chain Reaction Analysis. Genomic DNA was isolated from peripheral whole blood using DNeasy tissue kit (Qiagen Inc). All the exonic regions and exonic-intronic boundaries of K8/K18/K19 were analyzed using previously described primers. 21, 23 DNA fragments were amplified with a Touchdown polymerase chain reaction (PCR) protocol using T-TaqTM Polymerase (Transgenomic) to obtain high amplification specificity. 28 The PCR reactions were performed with a Gene Amp PCR system 9700 (Applied Biosystems Inc.).
Denaturing High-Performance Liquid Chromatography. The human samples were screened for the presence of K8/K18/K19 variants via denaturing high-performance liquid chromatography (DHPLC) using WAVE Fragment Analysis System (Transgenomic). 21, 28 Samples with a "shifted" elution pattern were purified using a PCR purification kit (Qiagen Inc.) and sequenced bidirectionally to confirm the presence of a mutation. The messenger RNA sequences of K8 (NM002273), K18 (NM000224), and K19 (NM002276) were used to localize the coding variants, whereas genomic sequences (hKRT8 [M34482], hKRT18 [AF179904], and hKRT19 [AF202321]) were employed for noncoding variants.
Statistical Analysis. For continuous variables, the two-tailed t test was used to compare two groups together, whereas the Kruskal-Wallis nonparametric one-way analysis of variance was used to compare more than two groups. K8/K18/K19 variant frequencies in patient and control groups were compared with the two-tailed Fisher exact probability test. P Ͻ 0.05 was considered statistically significant. Statistical analysis was performed using SAS Institute system (version 9.1.3).
Results
Keratin Expression Profiles in Mouse Liver, Common Bile Duct, Gallbladder, and Jejunum. The stoichiometric expression of keratin subtypes in mouse liver, gallbladder, and small intestine are known 29, 30 ; however, those of the common bile duct are not. We analyzed the keratin-enriched protein fractions from these tissues by Coomassie staining (Fig. 1A) and immunoblotting (Fig.  1B) . As shown in Fig. 1 , K8/K18/K19 are the major keratins in both gallbladder and common bile duct. In addition, the common bile duct, but not gallbladder, also expresses low levels of K7 and minimal amounts of K20, which can be detected by immune blotting (Fig. 1B) but not by Coomassie staining (Fig. 1A) . In all tested organs, Fig. 1 . Expression of keratins in the liver, common bile duct, gallbladder, and small intestine. Keratin-enriched fractions were prepared by high salt extraction from liver (L), common bile duct (CBD), gallbladder (GB), and small intestine (SI) then separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis. The organs were resected from 1-month-old female FVB/N mice. Gels were stained with Coomassie blue (A) or transferred to membranes and immunoblotted with antibodies to the indicated keratin species (B). Fig. 2 . Detection of keratin variants in patients with PBC and in blood bank donors. Genomic DNA was isolated from peripheral blood, and individual K18/K19 exonic regions were amplified by touchdown PCR then analyzed by DHPLC. Samples with a shifted chromatogram pattern were sequenced in the forward and reverse directions. The nucleotide locations of the variants were determined as described in "Patients and Methods." The novel heterozygous K18 exon 7-R411H (A) and K19 exon 1-G17S variants (B) are presented in comparison with their corresponding WT samples. The normal values of total bilirubin, albumin, and prothrombin time are Ͻ1.0, Ͼ3.5, and Ͻ1.2, respectively (8 patients lacked data for total bilirubin, albumin, and prothrombin time); INR, international normalized ratio; continuous variables are expressed as the mean Ϯ standard deviation; age was unknown in 17 patients; the P-value compares the patients with mild (stage I-II) and severe (stage III-IV) PBC.
K8 is the major type II keratin while K19 has limited expression in the liver (because of its absence in hepatocytes but presence in biliary epithelia).
Demographics and Characteristics of the PBC Patients. The demographics and clinical information of the PBC patients are summarized in Table 1 . A total of 201 patients with PBC were included in the final analysis because eight patient DNA samples were not reliably amplified. As expected, most patients were female (96%). AMA was positive in 151 patients (75%); 96 patients (48%) exhibited early PBC stages I to II, and 105 patients (52%) had advanced disease. Several factors including age, total bilirubin levels, and the Mayo score were significantly different in advanced versus early stages (P Ͻ 0.05).
Detection of Keratin Variants in PBC Patients. We analyzed all exonic regions of K8, K18, and K19 using DHPLC and subsequent DNA sequencing of the samples that displayed an abnormal elution profile off the DH-PLC column. Of the 201 PBC patients, 17 (8.5%) harbored five disease-associated heterozygous exonic variants including three K8 (G62/R341/V380I), one K18 (R411H) (Fig. 2A) , and one K19 (G17S) (Fig. 2B) . Keratin variants are defined as "disease-associated" (or biologically relevant) when they meet one or more of the following criteria: (1) are overrepresented in liver disease patients when compared with the appropriate control group, (2) alter a highly conserved amino acid, (3) introduce or ablate a charge or a posttranslational modification site such as phosphorylation, or (4) have been shown to cause a phenotype in transgenic mice. The variants K18 R411H and K19 G17S are newly described variants found in one and three patients with PBC, respectively, and were not detected in the control group (Table 2; Fig.  2 ). K18 R411 is not conserved among type I keratins but is conserved across human, mouse, and rat species, whereas K19 G17S is conserved among several type I keratins (not shown) and across several species (Supporting Fig. S1 ).
Some of the other variants we identified are considered polymorphisms rather than pathogenic mutations. This group included K8 I63V, K18 S230T, and K19 G60A, which were observed at comparable frequencies in the control and patient liver disease cohorts in previous studies. 20, 21 Four "silent" non-amino-acid-altering exonic variants (including the novel K19 N184N) and three intronic variants (including the novel K18 IVS2 ϩ 38G3 A found in one patient with PBC and in one control), which did not associate with hepatitis C-related liver disease progression, 21 are also considered nonpathogenic (Table 2) .
Among the disease-associated variants, K8 R341H was the most common (found in 8 of 17 PBC patients). Seven P Ͻ 0.004 (when comparing the total number of biologically-relevant variants in patients with PBC versus controls); odds ratio ϭ 4.5; 95% confidence interval ϭ 1.5-13.7. Amino acids are denoted by the single-letter abbreviations; "new" highlights novel variants that have not been previously reported; brackets indicate the number of compound variants.
*Highlights "polymorphisms" rather than "mutations" based on previous studies. †Highlights "silent" nucleotide mutations that do not result in an amino acid change. ‡Highlights intronic variants, which were assigned to their respective intervening sequence (IVS). Note that the IVS number refers to the neighboring 5Ј exon. For example, IVS7 ϩ 10 Del C depicts a noncoding deletion found 10 nucleotides downstream from the 3Ј-end of exon 7 in intervening sequence 7. IVS6ϩ 45A3 T highlights a noncoding nucleotide substitution found 45 nucleotide downstream from the 3Ј-end of exon 6 in intervening sequence 6. patients had single and 10 had compound heterozygous variants, including one K18 R411HϩK18 S230T, one K19 G17SϩK18-IVS2ϩ38G3 A, and the eight K8 R341H carriers who concurrently carried the K8 IVS7ϩ10delC polymorphism. The exclusive association between K8 R341H and K8 IVS7ϩ10delC, which was noted previously, 21, 23 is also present in the control samples.
In the control group, the frequency of disease-associated exonic variants was 2% (4 of 200; that includes K8 R341H and K19 V229M). The K8 R341H variant was observed in three subjects, whereas one donor carried a novel K19 V229M variant (Table 2) , which is conserved among species and among several other type I keratins (Supporting Fig. S1 ). Notably, there is a significantly higher frequency of disease-associated/biologically relevant keratin variants in PBC patients (highlighted in bold lettering in Table 2 ) versus the control groups (P Ͻ 0.004, odds ratio ϭ 4.5, 95% confidence interval ϭ 1.5-13.7).
Relationship of Keratin Variants with PBC. Of the 17 patients who harbored relevant keratin variants, four were seen in 96 patients with early disease stage (4.2%), whereas 13 were found in 105 subjects with advanced disease (12.4%; Table 3 ). The frequency of keratin variants in the advanced stage of PBC was significantly higher than in the early stage (P Ͻ 0.04, odds ratio ϭ 3.25, 95% confidence interval ϭ 1.02-10.4), thereby suggesting that keratin variants associate with liver disease progression in PBC. Conversely, there was no association between keratin variants and the presence of AMA, because 14 of 151 AMA-positive patients (9.3%) had relevant keratin variants as compared with 3 of 50 (6%) AMA-negative patients (P ϭ 0.47) ( Table 3 ). The frequency of keratin variants among antinuclear antibody-negative and antinuclear antibody-positive PBC patients was also similar ( Table 3 ). The 17 relevant keratin variants were found at similar frequencies in both sexes, and patients carrying the variants did not differ from the overall group with respect to their bilirubin and albumin serum levels, prothrombin time, Mayo score, or the presence of ascites (Table 4) . We were not able to include analysis of the estimated duration of disease in those with and without the keratin variants because of incomplete data on cholestasis parameters before the diagnosis of PBC.
Discussion
The Importance of Keratin Variants in Human Liver Disease. Our results show that keratin variants are overrepresented in Italian patients with PBC when compared with blood bank donors (8.5% versus 2%; P Ͻ 0.004, odds ratio ϭ 4.5, 95%, confidence interval ϭ 1.5-13.7). The frequency of keratin variants presented here is somewhat lower that seen in a US cohort of explants from patients with end-stage liver diseases of multiple origins (12.4% in liver explants versus 3.7% in blood bank controls) 20 but similar to that observed in a German Amino acids are denoted by the single-letter abbreviations. "New" highlights novel variants that have not been previously reported. *Seven cases (including one harboring a K8 62C variant) were excluded from analysis because of missing ANA values. Normal values of total bilirubin, albumin, and prothrombin time are Ͻ1.0, Ͼ3.5, and Ͻ1.2, respectively; INR, international normalized ratio; Continuous variables are expressed as the mean Ϯ standard deviation. Fig. 3 . Distribution of K8/K18/K19 variants within the keratin backbone. The schematic shows K8 (A), K18 (B), and K19 (C) exonic regions together with their respective protein domains. Keratins exhibit a tripartite structure consisting of a central ␣-helical "rod" as well as non-␣-helical N-terminal "head" and C-terminal "tail" domains. The rod domain is subdivided into IA, IB, IIA, and IIB parts divided by nonhelical linker (L1, L1-2, and L2) sequences. The shaded regions at the beginning and end of rod domains are highly conserved and represent mutation "hot spots" in epidermal keratins and other IF proteins. However, no human K8, K18, or K19 mutations have been identified in these hot spots. The K8/K18/K19 variants identified previously are displayed above the keratin protein backbone, whereas the variants described in this study are drawn below the protein backbone. Amino acids are represented by single-letter abbreviations. The most frequent K8 variants are boxed, whereas unmarked variants are seen at lower frequencies. The likely biologically significant variants are highlighted by an asterisk. K18 R411H and K19 G17S are the two novel variants identified in PBC patients, whereas K19 V229M was observed only in one healthy blood bank donor. The intervening sequence (IVS) number refers to the neighboring 5Ј exon. For example, IVS7 ϩ 10 Del C depicts a noncoding deletion found 10 nucleotides downstream from the 3Ј-end of exon 7 in intervening sequence 7. E, exon; nt, nucleotides.
cohort with chronic hepatitis C virus infection (7.8%). 21 In addition, the distribution of K8/K18/K19 variants within the keratin protein backbone (Fig. 3) mimics the previously published data and highlights several points. First, K8/K18/K19 variants are not found in the helix initiation and termination motifs of the rod domains of K8/K18/K19 (shaded areas at the beginning and end of the rod domain, Fig. 3) , which are the regions where most epidermal keratin mutations cluster. 31, 32 This provides a likely explanation as to why K8/K18/K19 mutations pose a predisposing risk rather than cause disease per se. Second, most variants are rare (Ͻ1% frequency), which leads us to pool their frequencies when carrying out power analysis. Third, K8 has the most keratin variants, as compared with K18 and K19. K8 is the major keratin in hepatobiliary epithelial cells as observed in mice ( Fig. 1) and, presumably, also in humans, although this has not been tested quantitatively. For K18, the novel R411H variant identified herein is the first K18 tail domain variant described.
Genetic Risk Factors for Human PBC. Genetic factors are likely to play an important role in PBC pathogenesis. For example, family members of patients with PBC have a higher risk of developing the disease, with a concordance rate as high as 63% in monozygotic twins, 8 which is among the highest reported in autoimmune diseases. Moreover, PBC predominance in females may relate to the higher incidence of X-chromosome monosomy in lymphoid cells. 33 Several candidate genes and chromosomal loci have been described, but the data are inconclusive and at times contradictory. 1, [10] [11] [12] In addition, the focus has been primarily on proinflammatory and immunoregulatory-related genes, such as cytotoxic T lymphocyte antigen-4, interleukins, T helper 1 cells, or 1,25-dihydroxyvitamin d receptor. 3, [10] [11] [12] Therefore, the findings herein provide for the first time a potential link between the keratin cytoskeleton and autoimmune liver disease, possibly also contributing to the high tissue specificity of PBC. To our knowledge, no such association has been described between IF genes and immune response modulation, although leukocytes that lack vimentin have a reduced capacity to home to mesenteric lymph nodes and vimentinnull endothelial cells have a compromised integrity. 34 In addition, K8-null mice develop spontaneous Th2-type colitis. 35, 36 It remains to be determined how K8/K18/K19 mutations may predispose to autoimmune liver disease. One hypothesis is that keratin mutation-induced susceptibility to hepatocyte/cholangiocyte injury and death over time results in an autoimmune disease because of release of potential autoantigens in a susceptible host. In support of this, K8-null mice develop serum AMA though they do not develop autoimmune liver disease per se (unpublished observations). Given the expression of K8/K18/K19 in a variety of epithelial tissues, the keratin variant-based predisposition to PBC (and potentially other autoimmune diseases) may also be liver independent. For example, K8/K18/K19 are found in a subset of thymic epithelial cells, 37 and proper keratin architecture is crucial for thymic microenvironment, as seen in mice ectopically expressing K10 in thymic cells that develop severe thymic alterations. 38 K19 Joins the Ranks of Other Disease-Associated Keratins. Our study identified three K19 G17S variants among the 201 PBC patients analyzed. Of note, the K19 G17S variant was not found in the 200 Italian control blood bank donors or in a previous study that analyzed 200 US patients with inflammatory bowel disease and 70 US control subjects (P ϭ 0.03 for comparison of PBC versus the pooled Italian and US non-PBC subjects). 23 Therefore, the K19 G17S variant is significantly overrepresented in PBC patients, which adds K19 to the list of 16 epithelial keratins, whose variants are known to cause or predispose to the development of human disease. 39, 40 However, because K19 variants are rare, larger studies are needed to confirm these findings. In addition, further studies using K19-null mice are warranted to characterize the impact of K19 deficiency on liver injury. One study did not show an obvious liver phenotype in K19-null mice, 29 whereas a mild skeletal myopathy with a complex disorganization of muscular architecture was observed in these animals. 41 The lack of an obvious disease phenotype in epithelial tissues of K19-null mice is likely to be related to the functional redundancy imparted by the expression of other type I keratins (such as K18 and K20). 30, 42 
